ABSTRACT A microgrid can be operated in on-grid or off-grid mode using distributed energy resources (DER), among which combined heat power (CHP) can play an important role in increasing the total energy efficiency. This paper reports the total solutions to the problem of scheduling DER, including CHP and their dispatch, called a generation application package. To increase the accuracy of forecasting, this paper proposes the methods of electrical or heat load forecasting and photovoltaic forecasting using a pattern recognition algorithm by k-means clustering. In response of the forecasted data, the formulation and solution of generation scheduling and the dispatch of DER are provided in two operation modes of a microgrid. The formulation of generation scheduling is linearized for a general mixed integer linear programming solver. The formulation and the detailed solution of the economic dispatch of the DER are presented. Finally, the field tests of the generation application package in two demonstration sites were performed and the results showed that the proposed solutions are very effective in the real fields. Set of all linearized blocks over the incremental costs of DER i C t Capacity of the tie line at period t.
D elec,t Electrical load during period t D heat,t Heat load during period t UR i
Ramp-up and start-up rate limit of DER i DR i Ramp-down and shut-down rate limit of DER Set of all linearized blocks over the incremental costs of DER i C t Capacity of the tie line at period t.
I. INTRODUCTION
As the penetration of distributed energy resources (DER) increases, the role of efficient and totally integrated management is becoming increasingly important [1] . For high energy efficiency, renewables, such as photovoltaic or wind power and electrical energy storage system (ESS) are prevailing rapidly. In addition, combined heat power (CHP) can be an alternative, where the heat load and electrical load need to be considered together [2] - [4] . For systematic and efficient operation of DER, accurate forecasts, e.g., electrical or heat load forecasts, and renewables forecasts, are needed. Many studies have examined electrical or heat load forecasts [5] - [9] . From the perspective of the forecasting methodology, extensive researches have been performed based on the autoregressive moving average (ARMA) model in the early days [6] . Thereafter, artificial intelligence, such as neural network or fuzzy system, was used for forecasting [7] , [8] . From the perspective of the forecasting horizon, load forecasting can be categorized into three classes: very short term load forecasting (VSTLF), short term load forecasting (STLF), and medium term and long term load forecasting (MTLF and LTLF) [5] , [6] . For more precise generation scheduling, several hours ahead VSTLF is preferred, and this paper proposes a methodology using a pattern recognition algorithm by k-means clustering [10] , [11] . The same approach is applied to renewables forecasts, especially photovoltaic forecasts.
The generation scheduling or unit commitment is a very important application for the economic and efficient operation of DER. Several studies have examined generation scheduling [12] - [16] . Fu et al. [12] studied generation scheduling with a variety of security constraints. Zendelhdel et al. [13] proposed the linearized unit commitment problem. In the perspective of a microgrid, additional DER, such as ESS, renewables like photovoltaic (PV), and wind turbine (WT), are considered in generation scheduling [14] - [16] . In particular, the operation strategy in islanded microgrid has been studied [14] , [15] .
In response of the forecasted data, the formulation and solution of generation scheduling and dispatch of DER are provided in two operation modes of microgrid in this paper. The formulation of generation scheduling is proposed considering DER including CHP and ESS in two operation modes of a microgrid, i.e., on-grid mode and off-grid mode, and it is linearized for a general mixed integer linear programming (MILP) solver. Economic dispatch is for power sharing of the only working DER at a certain time, which is reported elsewhere [17] - [19] . Guo et al. examined the economic dispatch with CHP. Wu et al. proposed the formulation of economic dispatch in the transition from on-grid mode to off-grid mode [18] . Shi et al. proposed the distributed optimal solution by co-operational computation over a central energy management system (EMS) and local EMS [19] . This paper presents the formulation and the detailed solution of economic dispatch of DER including CHP in an on-grid and off-grid microgrid, which can be implemented in a centralized microgrid EMS.
The total solutions of the problem of scheduling DER including forecast and their dispatch are called the generation application package in this paper. Field tests of a generation applications package in the two demonstration sites were performed.
II. FORECAST AND GENERATION SCHEDULING OF MICROGRID EMS
The generation applications package consists of a load forecast, renewables forecast, generation scheduling, economic dispatch (ED), and automatic generation control (AGC), which were performed periodically. Fig. 1 shows the typical period of each application and the sequential flow of a generation applications package. The formulation and solution to the generation application package except AGC are described. In particular, this study focuses on the generations scheduling and ED including CHP in the on-grid and off-grid operation modes of a microgrid. 
A. VERY SHORT TERM LOAD FORECAST AND RENEWABLES FORECAST
STLF predicts the one day ahead electrical or heat load, or a few days ahead electrical or heat load from historical load data. On the other hand, the forecasted load can contain large errors. Therefore, it might be better to use the historical load around the time at which the forecasted load will be predicted. The VSTLF is performed hourly or at least three times a day and produces a forecast for several hours ahead. The main algorithm in this paper is based on the pattern recognition algorithm by k-means clustering. The methodology of electrical or load forecast is to find the most similar pattern among the clustered patterns, which are updated with the recent data until k-means clustering is impossible, as shown in Fig. 2 . For a photovoltaic forecast, 5 reference classes of sky conditions, i.e., C0, C1, C2, C3, and C6 at each of three fixed times, i.e., 11h, 13h, and 15h, were categorized; a total of fifteen patterns of solar irradiations are generated [20] . The most similar solar irradiation is then selected and modified using the recent updated data. Finally, the PV power output can be forecasted or calculated from the equation, which is a function of the solar irradiation in Fig. 3 .
B. GENERATION SCHEDULING
Generation scheduling aims to determine when the DER operates or not, and how much power the DER produces to minimize the cost of operation or maximize the benefit of selling power. The objective function is as follows:
The cost function is described including the fuel cost of DER i in (2) . Note that the fuel cost function is in the form of a linear function, not a quadratic function.
1) Demand supply balancing constraint Demand supply balancing constraint is required depending on the operation modes of a microgrid. The electrical supply of all DER and demand do not have to be equal in the on-grid mode of microgrid; the electrical supply of all DER and demand have to be equal only in the off-grid mode of a microgrid.
2) Spinning reserve constraint
3) Minimum up time and down time constraint
where
4) Ramp-rate constraint
5) Minimum and maximum output constraint
6) ESS Constraint Given the initial charged electrical energy, or Energy
7) Interface line capacity constraint
III. ECONOMIC DISPATCH OF MICROGRID EMS A. ON-GRID MODE OF MICROGRID
The amount of flow at the point of common coupling (PCC) can be determined from the generation scheduling process. The objective function of economic dispatch does not include the flow at the PCC for evaluating the selling power or buying power. For simplicity, it is assumed that the thermal output of CHP, or DER i is proportional to its electrical output by α i . ESS can be dealt with as a type of electrical generator with a very low production cost or it can be assumed to follow the pre-determined schedule from generation scheduling or by an operator manually. The objective function can be stated as follows [21] :
where Cost i is the quadratic cost function of DER i and
The Lagrange function can be described as
The first-order conditions are as follows:
Purchasing an insufficient amount of electrical generation in a microgrid can be beneficial if the total fuel costs are greater than the buying price, or the system marginal price from (14) , which means that finding the optimal solution depends on the system marginal price. The output of CHP is determined by the Lagrange multiplier γ in (16) . The solution procedure of optimization in the on-grid mode of microgrid is as follows: 1) Calculate the initial value γ t 0 .
2) Calculate the initial output of DER i. The minimum and maximum output of DER and their ramp rates have an effect on the update by (19)- (21) . Note that P t i (i ∈ G e ) is not required to update independently of λ t . 
B. OFF-GRID MODE OF A MICROGRID
In the off-grid mode of a microgrid, there is no flow at the PCC. The objective function, or (11) , is changed to (23). In addition to the heat load balancing constraint in (12), the electrical load balancing constraint in (24) is also required.
such that,
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The Lagrange function is described as follows:
The marginal cost of an electrical generator and heat boiler are equal to λ and γ from (27) and (29), respectively, and the marginal cost of CHP is equal to λ + α i γ from (28), which means that the Lagrange multiplier λ reflecting the electrical demand balancing constraint and γ reflecting the heat demand constraint affect the marginal cost of CHP. The solution procedure of optimization in the off-grid mode of a microgrid is as follows: 1) Calculate the initial value λ t 0 and γ t 0 . λ
2) Calculate the initial output of DER i or P t i (i ∈
The minimum and maximum output of the DER and its ramp rates affect the update by (35)-(37). and H t i are adjusted by increasing λ t . This is repeated to update λ t until the total heat demand equals the sum of the heat supply of DER. Note that P t i (i ∈ G e ) is not updated here.
5) Check the stop criteria and if the following conditions
are not satisfied, repeat 1). Fig. 4 presents the procedure of finding the optimal solution graphically. λ t new is first determined and P t i (i ∈ G e ) is then calculated from the marginal cost of the electrical generator, or left straight line in Fig. 4a . By changing α i γ t , the intersection of the right straight line in Fig. 4a can be found, and P t i (i ∈ G chp ) is then calculated from the marginal cost of CHP. γ t new is determined and H t i (i ∈ G h ) is then calculated from the marginal cost of a thermal boiler, or left straight line in Fig. 4b . By changing λ t /α i , the point of intersection of right straight line in Fig. 4b can be found, and P t i (i ∈ G chp ) is then calculated from the marginal cost of CHP. This procedure is repeated until the stop criteria are satisfied.
C. SENSITIVITY ANALYSIS OF THE PROPOSED SOLUTION OF ECONOMIC DISPATCH
Sensitivity analysis is helpful for understanding the effects of the deviation of electrical load and heat load, respectively. The deviation of the Lagrange multiplier is derived in (39) when the electrical and heat load vary slightly.
Equation (39) can be rearranged into (40).
Finally, λ and γ are determined as follows:
If the outputs of DER are maintained to be within the minimum and maximum limit, (41) is true. If not, and if the output of one of DER reaches the maximum limit and λ or λ − α i γ is greater than zero, P i (i ∈ e ) becomes zero. Similarly, if not, and if the output of one of DER reaches the minimum limit and λ or λ − α i γ is less than zero, P i (i ∈ G chp ) or H i becomes zero. Therefore, when D elec > 0 and D heat > 0, the outputs of DER are required to increase. The DER whose outputs reach their limits cannot increase their outputs, i.e., under the limited condition, so that the coefficient of (34) is calculated with the updated DER set where the outputs of the DER are maintained to be within the limited condition. When D elec > 0 and D heat = 0, λ > 0 and γ < 0, i.e., the outputs of the electrical DER increase and the outputs of the CHP increase slightly, but the outputs of the heat DER decrease. When D elec > 0 and D heat < 0, it is the same as when D elec > 0 and D heat = 0 except that the amount of deviation of the Lagrange multiplier is greater. Generally, DER have the characteristics of det = (A + B) (D + E) − C 2 > 0. On the other hand, when there is only one CHP, A and E is zero, and det is zero. In this case, the operation strategy is limited due to a lack of choices, and there is no way to meet both the electrical demand and heat demand.
IV. RESULTS OF FIELD TESTS AND DISCUSSIONS
The proposed mathematical formulation of generation scheduling is in the form of mixed integer linear programming (MILP), which can be solved using well-known commercial solvers or open-source MILP solvers. Fico Xpress is used for commercial software and CBC is used for opensource software as a MILP solver considering the performance benchmark [22] . In a benchmark test with the MILLIB2010 benchmark set, although the shortest calculation time of CBC for a single thread is approximately 1.2 times greater than that of Fico Xpress in the best case and the longest calculation time of CBC for single thread is approximately 540 times greater than that of Fico Xpress in the worst case [22] , the calculation time of the CBC is only 2 times greater than that of Fico Xpress by simulating the generation scheduling problem of microgrid. As a result, the CBC would be an effective tool for the generation scheduling of a microgrid with a limited budget. Field tests for the generation applications package were performed in two testbeds. One was designed for the tests under a range of conditions with artificial adjustable load banks, and the other was designed for the tests of economic benefit during the long term with real customers' loads.
A. RESULTS OF THE DEMONSTRATION SITE OF KEPRI
The test for the generation applications package of a microgrid EMS was performed in the testbed of Korea Electric Power Research Institute (KEPRI), which is designed with two zones, zones A and B, for specific purposes, as shown in Fig. 5 . One is designed for the power quality test, where a 100kVA unified power quality controller (UPQC) is used for 100kVA sensitive loads, and the latter is designed for the generation package test where 82kVA diesel generator or diesel engine (DE), 60kVA micro gas turbine (MGT or CHP) and 50kVA, 60kWh battery ESS (BESS) are used to minimize the costs, or maximize the profits, and the 96kVA load bank is used to build various load levels for the specific test conditions. In addition, the virtual heat load is used to test generation applications package for CHP.
The tests for evaluating the economics of the proposed algorithm and solution were performed by comparing the costs in two conditions; when only ED is activated and when both the ED and generation scheduling during only one day is activated, as shown in Table 1 . In cases 2 and 4, it was assumed that it would be economical to maintain the flow at PCC to be 20kW from the main grid, i.e., determined arbitrarily and scheduled manually. In cases 1 and 3, the flow at PCC will be determined by the generation scheduling. In a medium load level, the total cost with generation scheduling was $698, or 11.9% cheaper than that without generation scheduling. In a heavy load level, the total cost with generation scheduling was $1,008, or 15.8% cheaper than that without generation scheduling. Note that the result shows slightly different outputs of the DER and load because each test is performed on a different day. The power outputs of DER are comparatively steady without generation scheduling, as shown in Fig. 6(a) and Fig. 6(c) . The optimization of generation scheduling invokes a totally efficient operation of a microgrid by trading power to the market or charging and discharging of the BESS, as shown in Fig. 6(b) and Fig. 6(d) . A virtual heat load pattern was generated by a load simulator and the MGT was operated to supply a heat load even when there is no electrical load in the microgrid. To investigate the effectiveness of the proposed algorithm for the heat load, tests in cases 7 and 8 were performed without BESS in Table 2. In a medium load level, the total cost with generation scheduling was $710, or 16.7% cheaper than that without generation scheduling. In a heavy load level and without BESS, the total cost with generation scheduling was $1,008, or 14.2% cheaper than that without generation scheduling. The power outputs of the DER were less steady, even without generation scheduling, as shown in Fig. 7(a) and Fig. 7(c) because there was a simulated virtual heat load. The optimization of generation scheduling invokes a totally efficient operation of a microgrid by trading power to market or charging and discharging of BESS as shown in Fig. 6(b) . Note that the time when BESS is charged in Fig. 7(b) is similar to the time when BESS is charged in Fig. 6(b) , but the time when BESS is discharged in Fig. 7(b) is significantly different from the time when BESS is discharged in Fig. 6(b) because of the simulated virtual heat load.
B. RESULTS OF THE DEMONSTRATION SITE OF THE MARADO TESTBED
Marado is the southernmost island of Korea and its main DER are two 150kVA diesel generators (G150), 250kVA diesel generator (G250), 350kVA diesel generator (G350), 150kW photovoltaic (PV), and 50kVA, 600kWh lead acid battery ESS (BESS). G350 works for the main resource at day time and G250 works at night, and a unidirectional power conversion system of BESS was changed to a bidirectional power conversion system with the reconfiguration of microgrid zone shaded as yellow in Fig. 8 for the parallel operation of PV and BESS. Before the renovation, BESS cannot be discharged while PV generates the power.
The generation applications package of the microgrid EMS in this paper was applied to the Marado microgrid. G350 and G250 was electrically interlocked and their control mode was a constant voltage and constant frequency (CVCF) mode, which is sufficient to keep the system frequency within the limited allowable deviation. Therefore, it is not effective for the AGC of microgrid EMS to recover the system frequency of microgrid. Furthermore, the local administrator requests microgrid EMS not to control the output of the DER automatically, but to provide advice for generation scheduling as an advisory mode. Fig. 9(a) shows the real operation of VOLUME 4, 2016 the DER during 5 days. Note that BESS is charged while the photovoltaic is generating an output and both G150 and G350 works at day time and G250 works at night. Fig. 9(b) shows the difference between the forecasted electrical load and the real electrical load during a week. The energy of the forecasted electrical load and the actual electrical load during the test period were 6,625kWh and 6,595.9kWh, respectively, and the deviation between them was approximately 29.1kWh, or 4%. Based on this forecasted electrical load and forecasted photovoltaic generation, the final generation schedule was determined, as shown in Fig. 10 . Note that G150 will work and BESS will be discharged even when the photovoltaic is generating output at the same time. Table 3 compared the forecasted costs of operation and the actual costs during the test period. The total actual costs over the test period were $2,869 and the total forecasted costs over test period are $2,029, so that 29.3% of the total actual costs could have been saved in the case of the operation by the generation scheduling of microgrid EMS. 
V. CONCLUSIONS
This paper presented the formulation and its solution to both generation scheduling and ED for CHP and heat only unit in the on-grid mode and off-grid mode of a microgrid. The ED problem was investigated intensively by the Lagrange function and its complete solution procedure was provided in this paper. A generation scheduling problem was also formulated in the form of MILP so that the most widely used MILP solvers can be applied. In addition, a very short term forecasting algorithm, which produces an input of the generation scheduling, was described. The effectiveness of the developed generation applications package was validated on a large laboratory scale testbed and in an island with real customers through a comparison of the results of the actual operations and the scheduled operations.
